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INTRODUCTION 


i“iu»  quarterly  report  is  the  fifth  nf  a  series  of  reports  partially  ful¬ 
filling  Contract  AF  04(6  11) - 109 19,  Large  Solid-Propellant  Boosters 
Explosive  Hazards  Study  Program.  The  purpose  of  this  program  is  to 
gain  additional  knowledge  and  to  develop  new  techniques  for  analyzing 
tht!  explosive  hazard  and  damage  potential  of  large  solid-propellant 
rocket  motors. 

K?he  objectives  of  this  program  are:  (!)  to  determine  the  influence  of 
grain  shape  on  propellant  detonability  and  sensitivity,  (2)  to  determine 
the  critical  diameter  of  a  typical  solid-composite  rocket-motor 
propellant,  (3)  to  determine  what  changes  a  solid-propellant  grain 
might  under  go  when  exposed  to  operational  mishaps,  and  (4)  to  develop 
methods  to  simulate  and  characterize  these  changes. 

SUMMARY  ; 

A  correlation  has  been  made  to  determine  the  validity  of  applying  the 
modified  Jones  detonation  model  in  developing  the  Aerojet  model  for 
critical  diameter  as  a  function  of  RDX  content.  The  results  indicate 
that  complete  correlation  will  require  analyses  of  detonation  velocity 
v«  diameter  data  from  more  than  one  adulterated  propellant  formulation 
Thei*s  data  are  not  yet  available,  but  they  will  be  acquired  from  the 
card-gap  sensitivity  tests  that  will  be  conducted  under  this  program, 

The  abnormal  detonation  behavior  of  shock -initiated  hollow  cylindrical 
samples  appears  to  be  caused  by  deflagrative  erosion  of  the  inner 
surface  of  ihe  samples,  owing  to  the  high-velocity  jet  that  is  formed  in 
the  perforation  by  Mach  interaction  of  the  shock  waves  produced  by  the 
detonating  material. 

The  critical  geometries  of  solid  triangular  columns  and  rectangular 
slabs  are  93%  and  94%  of  the  critical  diameter,  respectively. 

Th/d  peeudocritical  geometries  of  circular -core  and  cross -core  hollow 
cylinders  both  are  88%  of  the  critical  diameter. 

The  Hugoniot  of  AAB-3225  (7.1%  RDX)  adulterated  propellant  is  P  = 
62.75  p  +  27.38  p.  The  correct  Hugoniot  for  AAB-3189  is  P  = 

47.80  p2  +  32.18  p.  This  correction  of  the  Hugoniot  reported  in 
SOPHY  I  is  facilitated  by  an  improvement  in  the  method  by  which  the 
data  are  reduced. 
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radius,  which  is  used  in  the  detonation  model.  The  new  expression  will 
handle  hot-spot  initiation  sites  of  any  type,  number,  and  size. 

Peak  overpressure  data  from  the  72-in, -diameter  critical-diameter 
test  (CD-96)  and  the  60-in. -diameter  critical-diameter  test  (CD-98) 
have  been  corrected.  Their  final  values  are  reported. 

Progress  in  the  synthesis  and  analysis  of  porous  and  cracked  propellant 
is  discussed.  Various  processing  parameters  are  evaluated  regarding 
their  influence  on  the  quality  of  porous  propellant. 


THEORY  OF  CRITICAL  GEOMETRY 


3.  1  TECHNICAL  DISCUSSION  PHASE  I  SUBTASKS 


3.1.1  Variance  ;<nd  Mean  Critical  Geometry 
(Subtask  3,  2.  1*) 

The  tests  specifically  designated  for  this  pubtask,  were  completed 
earlier  in  the  year .  The  analyses  of  their  results  were  reported 
in  the  preceding  quarterly  report  (Reference  2).  The  statistical  estimate 
of  the  mean  critical  diameter  was  2.  66  in.  ,  for  an  adulterated  AP- 
PBAN  propellant  that  contains  9.  2  %  by  weight  RDX  (Aerojet  formulation 
AAB-3189).  Data  from  SOPHY  I,  Contract  AF  04(6 1 1  )-994  5,  and  SOPHY  II 
Contract  AF  04(6111-10919,  were  combined  to  yield  this  value  of  the 
mean  critical  diameter.  The  average  standard  deviation  of  the  data 
was  0.  08  in.  ,  which  contained  the  within -batch  standard  deviation  of 
0.  04  in.  and  the  between -batch  standard  deviation  of  0.  07  in. 

Since  AAB-3189  is  used  in  several  subtssks  of  this  program,  additional 
critical-diameter  data  are  available  from  the  batch-control  tests, 
which  were  performed  with  samples  from  each  propellant  batch.  For 
example,  in  the  critical  geometry  subtask  (Phase  Z,  Subtask  3.  3.  2)  the 
accuracy  of  the  theory  is  estimated  by  comparing  the  critical  geometry 
of  each  of  several  shapes  with  the  critical  diameter  of  the  propellant 


^Subtask  number  corresponds  to  the  paragraph  number  in  the  program 
plan  (Reference  1),  which  locates  the  description  of  that  particular 
series  of  tests. 
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used.  It  is  necessary,  therefore,  to  obtain  an  estimate  of  the  critical 
diameter  from  each  batch.  More  precisely,  it  must  be  assurea  mat 
the  propellant  does  not  significantly  differ  from  prior  batches  of  the 
same  formulation.  To  establish  inis,  in  each  hate  h the, c  arc  included 
eight  solid-cylindrical  batch-control  samples  of  which  two  in  each 


batch  have  nominal  diameters  of  2.  56,  2.  63,  2.  69,  and  2.  75  in. 


Propellant  Batch  4EH-108,  which  included  triangular  samples  for  the 
critical  geometry  subtask  and  hollow  cylinders  for  the  jetting  phenomena 
study  (Subtask  3.  2.  4),  had  a  critical  diameter  of  2.  73  in.  This  value 
is  consistent  with  the  estimates  derived  from  the  previous  data.  Com¬ 
bining  the  results  of  the  Batch  4EH-108  tests  with  all  previous  data 
changes  the  estimated  mean  critical  diameter  of  AAB-3189  to  2.  69  in., 
but  does  not  affect  the  estimate  of  the  standard  deviation  of  0.  08  in. 


Batches  4EH-109  and  -110  contained  samples  for  the  critical  geometry 
subtask  (rectangular  cross-section  and  hollow  cylinders).  The  results 
of  the  batch-control  tests  from  batches  were  negative;  i.  e.  ,  no 
detonation  occurred  in  samples  of  up  to  2.  75  in.  nominal  diameter. 
These  batches  differ  significantly  from  all  previously  tested  batches  of 
AAB-3189.  The  Critical  diameters  of  these  two  batches  were  found  by 
testing  larger  diameter,  samples,  which  were  prepared  by  turning  down 
several  samples  that  were  originally  destined  for  use  in  Subtask 
3.  3.  1.*  The  critical  diameter  of  Batch  4EH-109  was  found  to  be 
between  2.  95  and  3.  00  in.  The  critical  diameter  of  Batch  4EH-110  was 
between  2.  90  and  2.  95  in. 


Careful  study  of  the  batch  mixing  records  does  not  show  cause  for  the 
anomalous  behavior  of  these  batches.  Since  the  samples  cast  were 
destined  for  use  in  the  critical  geometry  subtask,  they  were  allowed 
to  qualify  for  testing  because  the  test  results  could  be  compared  to  the 
individual  critical  diameters  of  these  batches  and  they  did  not  need  to  be 
compared  directly  with  data  obtained  from  other  AAB-3189  tests. 

The  results  of  the  batch-control  tests  for  Batches  4EH-108,  -109,  and 
-110  are  shown  in  Table  1, 


*These  samples  had  already  been  cast  when  the  decision  was  made  to 
not  perform  this  subtask,  because  of  the  positive  results  of 
Subtask  3.  2.  3  (Section  3.  1,  3),  Therefore  their  alteration  does  not 
affect  the  SOPHY  II  program. 
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Table  1.  Batch-Control  Tests,  AAB-3189  Propellant. 


Rafrh  1 

No. 

(in.  ) 

4EH-108 

2.  55 

4EH-108 

2.  54 

4EH-108 

2.  62 

4EH-108 

2.  62 

4EH-108 

2.  67 

4EH-108 

2.  67 

4EH-108 

2.  73 

4EH-108 

2.  74 

4EH-109 

2.  73 

4EH-109 

2.  73 

4EH-109 

2.  80 

4EH-109 

2.  90 

4EH-109 

2.  95 

4EH-109 

3.  00 

4EH-110 

2.  73 

4EH-110 

2.73 

4EH-110 

2.  90 

4EH-110 

2.  95 

i 

Result 

Te«t 

No. 

Nr  Go 

3.  2.  1.  175 

No-Go 

3.  2.  1.  176 

No-Go 

3.  2.  1.  177 

No-Go 

3.  2.  1.  178 

No-Go 

3.  2.  1.  179 

No-Go 

3.  2.  1.  180 

Go 

3.  2.  1.  181 

No-Go 

3.  2.  1.  182 

NojGo 

3.  2.  1.  183 

No-Go 

3.  2.  1.  184 

No-Go 

3.  2.  1.  187 

No-Go 

3.  2.  1.  188 

No-Go 

Go 

No-Go 

No-Go 

No-Go 

Go 


3.  2.  1.  191 
3.  2.  1.  192 

3.  2.  1.  185 
3.  2.  1.  186 
3.  2.  1.  189 
3.  2.  1.  190 


I 
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3.  1.  2  Mean  Critical  Diameter  and  Variance 
(Subtask  >.  2.  2) 

Critical  diameter  determinations  for  AAB-3225,  which  is  an  AP-PBAN 
propellant  adulterated  with  7.  1  7o  by  weight  RDX,  exhibited  a  variation 
similar  to  that  found  with  AAB-3189  (Section  3.  1.1).  The  critical 
diameters  of  Batches  4EH- 44  was  5.  21  in.  ,  4EH-107  was  5.  25  in.  , 
and  4EH-84  was  6.  36  in.  The  average  densities  of  these  batches  were 
1.735,  1.724,  and  1.  729  gm/cc,  respectively.  No  indication  of  mixing 
or  casting  differences  between  batches  was  discovered.  Since  the 
density  data  do  not  correlate  with  the  critical-diameter  data,  the 
difficulty  has  not  been  resolved.  However,  because  of  the  agreement 
between  Batches  4EH -44  and  -107,  it  was  concluded  that  Batch  4EH-84 
was  not  representative  of  the  AAB-3225  formulation. 

The  use  of  this  type  of  propellant  in  the  verification  tests  (Subtask  3.3.3) 
and  in  the  sensitivity  tests  (Subtask  3.  3.  5)  will  provide  further  data  by 
which  the  true  critical  diameter  may  be  chosen.  The  verification  tests 
include  batch-control  samples.  The  sensitivity  tests  include  samples 
of  6-in.  diameters  and  larger. 


3.  1.  3  Detonation  Velocity  as  a  Function  of  Size 
(Subtask  3.  2.  3) 

The  Jones  theory  (Reference  3),  originally  developed  to  describe  the 
nonideal  detonation  behavior  of  explosives,  was  needed  in  the  develop¬ 
ment  of  the  SOPHY  detonation  model  to  describe  the  variation  in  critical 
diameter  of  an  RDX-adulterated  composite  propellant  with  changes  in 
RDX  content  (Reference  4).  The  experimental  data  used  to  guide  the 
development  of  the  model  were  obtained  in  tests  with  samples  having 
diameters  nearly  the  same  as  the  critical  diameters.  Data  are  needed 
regarding  the  variation  of  detonation  velocity  for  different  shapes  over 
a  large  range  of  sizes  to  test  the  ability  of  the  Jones  theory  and  the 
model  to  describe  the  nonideal  detonation  behavior  of  composite  pro¬ 
pellants.  These  data  also  will  be  used  to  determine  the  relationship 
between  detonation  velocity,  reaction-zone  thickness,  and  size  as  a 
function  of  sample  shape. 

Detonation-velocity  and  conductance -zone  measurements  for  AAB-3189 
propellant  were  reported  in  Reference  2.  It  was  stated  that  the  thick¬ 
ness  of  the  highly  ionized  region  following  the  shock  wave  in  composite 
propellant  may  be  greater  than  the  reaction  zone  itself.  Since  the  probe 
instrumentation  was  providing  data  on  the  thickness  of  this  conductance 
zone,  no  actual  measure  of  the  reaction-zone  thickness  was  achieved  if 
this  interpretation  is  correct. 
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An  alternative  method  to  evaluate  the  use  of  the  modified  Jones  theory 
involves.  tha  datcnaticn  velocity— .'r-si"  d?*"  A  of 

calculations  have  been  made  to  judge  the  correlation  between  measured 
and  predicted  diameters  as  functions  of  detonation  velocity.  The 
analysis  is  applied  to  two  shapes:  the  circular  cylinders  and  the  square 
columns. 

The  Aerojet  detonation  model  (Reference  4)  is  expressed  by 


where 

charge  diameter 

the  constant  in  the  Jones  expression,  left  unspecified 
in  the  Aerojet  model 

average  RDX  particle  diameter 

a  constant,  unspecified 

wt  fraction  RDX 

c  =  equivalent  wt  fraction  RDX  for  other  initiation  Hites 

D  =  detonation  velocity 

B  -  linear  burning  rate  of  ammonium  perchlorate  (AP) 

Dj  =  ideal  detonation  velocity 

The  AP  burning  rate  can  be  expressed  as  a  function  of  Tg,  the  surface 
temperature  of  the  regressing  AP,  by 


B  =  2,  1  A  10”4  T  exp  (-21,  500/T  ) 

S  B 

and  T  by 

s  ' 

T  =  1824  +  18.  4  p  D2  -  0.  137  p  2  D4 

8  O  O 


(2) 

(3) 


!  rnmmm  hwhiw 
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where  pQ  is  the  AP  bulk  density.  Thu*  d  can  be  related  uniquely  to  D 
If  dRDX  ana  1  a*1®  fixed.  I«.  w.l;  c=.:c,  1  ^an  be  written 

d  ~  K  g  '!)  (4) 


g(f)  * 


B  [l  -  (D/D^  j 


Therefore  with  D,  d  data,  and  an  estimate  of  it  is  possible  to  com¬ 
pute  g(f)  from  Equations  2,  3,  and  6.  If  the  detonation  model  is 
applicable  to  nonideal  detonation,  a  plot  of  d  vs  g(f)  should  produce  a 
straight  line  with  slope  K. 


The  indicated  correlation  was  carried  out  for  AAB-3189  propellant, 
using  data  obtained  under  this  subtask  (reported  in  Reference  2)  for 
both  circular  cylinders  and  square  columns.  A  computer  program 
carried  out  the  computations  of  Equations  2,  3,  and  6  and  determined 
K  by  two  methods:  (1)  by  calculating  the  best  value  (denoted  Kc)  from 
the  critical  dimension  and  the  critical  detonation  velocity  estimates, 
and  (2)  by  computing  the  least-squares  best  fit,  denoted  K,  from  all  the 
data.  Equation  4  could  possibly  be  fit  best  with  an  additive  constant, 
so  a  third  value  of  K  (denoted  K*)  was  calculated  for  a  fit  to 


d  -  K*  g(f)  +  C* 


(7) 


where  C*  is  the  finite  intercept. 


The  results  of  these  calculations  are  shown  in  Table  2.  The  "residual 
variance"  estimates  give  a  measure  of  how  well  the  "best"  values  of  K 
actually  fit  the  data.  Table  2  reveals  that  the  fit  of  Equation  7  is 
considerably  superior  to  that  of  Equation  4.  Although  there  are  no 
residual  variance  estimates  for  Equation  4  using  the  critical  values,  a 
plot  of  g(f)  vs  d  (and  s,  the  side  of  the  square  columns)  using  Kc  yields  a 
poor  fit  to  the  data.  It  may  be  assumed,  therefore,  that  the  best 
correlation  of  the  nonideal  detonation  data  for  AAB-3189  is  represented 
by  Equation  7. 
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Table  2.  Correlation  of  Aerojet  Detonetion  Mod  *i  in  Nnni^u!  o-„i. 


for  AAB-3189  Propellant. 

SQUARE  COLUMNS 

Equation 

• 

|  Slope 

j.  (in-  ) 

tpt 

) 

Residual 

Variance 

(in.^) 

«=Kg(f) 

K  =  3.  03  x  10‘4 

5.  31 

*c  =  k  «c(f) 

-4 

K  =  8.  08  x  10 
c 

— 

— 

•  =  K*  g(f)  +  C* 

K*  =  18.  8  x  10'4 

c*  =  . 

HP 

H 

0.  0092 

CIRCULAR  CYLINDERS 

Equation 

Slope 
(in.  ) 

Residual 

Variance 

(in.2) 

d  =  K  g(f) 

K  =  11.  2  x  10"4 

2.  01 

V=Kc»c<'> 

K  =  8.  73  x  10'4 
c 

— 

*  * 

d  =  K#  g(f)  +  C* 

K#  =  23.  3  x  10"4 

c*  *  - 

1.  87 

0.  197 
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Since  this  correlation  differs  from  the  assumed  form  (Equation  4), 
it  is  desirable  to  determine  its  e££eci  w!>cu  the  Acre  jet  mod-!  i*» 
to  fit  the  critical  diameter  vs  wt  fraction  RDX  data  generated  on 
Contract  AF  04(61 1J-9915  (Reference  4).  At  critical  conditions, 
Equation  7  becomes 


d  =  K*  g  (f)  +  C*  (8) 

c  c 

However,  since  it  was  shown  that  dc  is  linearly  dependent  on  (1/f  4 
(Reference  4)  K*  or  C*  may  depend  on  (l/f +  c)‘^.  Therefore,  in 
the  general  case, 

,  ,  x1'3 

K*  *  K‘t  \ik)  *K"z 

/  i  \ 

CV=C*l(f~)  +C*2 

where  k*|,K*  ,  C*^,  and  C*^  are  constants  independent  of  (1/f  +  c)1^3. 
Substituting  Equations  9  and  10  into  Equation  8  gives,  after  rearranging, 

‘c  =  [Kv^tc,l]fc)m‘K«c»(C,I] 

Combining  Equations  1  and  6,  at  the  critical  case,  gives 


(9) 

OO) 


V>](rh) 1/3 

C-r-M 


(12) 
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For  Equations  11  and  1?,  to  be  compatible  the  following  must  h*»  trm> 


zcu> 


+ 


1 


Tkj 


1/2 


i  /  a 

*  t 


gc(f) 


(13) 


K*2«C(f,tC*2  4KJ1/2  C^)  *c<f)  (14» 

Since  Kj,  dp^DX*  an<*  G  are  conitants,  Equations  9,  10.  13,  and  14 
state  that  K*lt  K*2«  C*j,  and  C*2  depend  only  on  gc(f).  However,  since 
it  was  found  that  gc (£)  is  itself  a  constant  independent  of  f  (Reference  4), 
the  equations  require  that  K^j-,  K*2#  and  C*2  be  constants  also 

independent  of  £.  To  determine  if  Equations  13  and  14  are  satisfied,  it 
is  necessary  to  specify  all  these  constants.  However  examination  of 
Equations  9  and  10  shows  that  this  cannot  be  done  until  other  values  of 
K*  and  C*  are  determined  at  othe-  f's. 

It  may  be  concluded  that  the  correlation  found  with  Equation  7  is  not 
inconsistent  with  the  Aerojet  detonation  model  if  the  compatibility 
conditions  are  met.  When  additional  D  vs  d  data  become  available  from 
the  tests  in  Subtask  3,  3.  5  a  correlation  can  be  attempted  and  new 
values  of  K*  and  C*  can  be  determined.  With  this  information  and  the 
data  in  Table  2,  Equations  9  arid  10  can  be  used  to  solve  explicitly  for 
K*l’  K*2«  c*1>  and  C#2»  These  values  can  then  be  substituted  into  Equa¬ 
tions  13  and  14  to  test  compatibility.  The  values  of  the  right-hand  sides  of 
Equation  13  and  14  and  of  g^f)  are  known  from  the  prior  dc- vs- i  studies. 

It  should  be  noted  that  Equations  13  and  14  must  be  satisfied  for  values 
of  the  constants  determined  from  any  pair  of  K*,  C*  data  and  must 
therefore  hold  for  all  RDX  contents  from  0  <  f  <  0.  10  if, the  Aerojet 
model  is  to  be  generally  valid  for  nonideal  detonation. 

As  noted  above,  the  data  in  Table  2  show  that  the  best  correlation  for 
solid  squares  is  represented  by  Equation  7.  Since  dc  tmd  *c  differ,  a 
comparison  of  the  results  for  cylinders  and  squares  can  be  made  by 
dividing  Equation  7  (with  the  appropriate  constants)  by  dc  and  *c 
respectively.  This  leads  to 


(15) 


-~-  =  8.63  x  10'4  g(f)  -  1.  81 
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for  cylinder *,  and 


—  =  7.  55  v  1 0~^  o(f\  ~  l.4l  (16) 

5  ' 

C 

for  solid  squares. 

Although  these  equation*  are  now  on  an  equivalent  basis,  and  the  res¬ 
pective  constants  are  cWier  to  each  other  than  those  in  Table  2,  it  still 
is  believed  that  significant  differences  between  them  do  exist.  Thus,  it 
appears  that  even  if  Equation  1  is  valid,  for  the  same  reasons 
discussed  with  respect  to  cylinders,  the  Jones  theory  cannot  be  applied 
directly  to  solid  squares  unless  a  value  of  Kj  different  from  that  deter¬ 
mined  for  cylinders,  is  used  in  Equation  1.  However,  as  D  vs  s  data 
for  propellant  other  than  AAB-3189  become  available,  a  more  definitive 
determination  of  the  applicability  of  the  Jones  theory  to  solid  squares 
will  be  possible. 

3.  1.  4  Jetting  Phenomena  Study  (Subtask  3.  2.  4) 

Streak-camera  observations  of  previous  critical  geometry  tests  of 
hollow  cylindrical  samples  showed  that  an  abrupt  cessation  of  an 
apparently  steady  detonation  occurs  at  somt)  point  along  the  length  of 
the  sample  (Reference  4).  The  location  of  this  point  appeared  to  be 
determined  by  the  web  thickness  of  the  grain,  when  the  results  obtained 
for  only  one  propellant  formulation  were  analyzed.  Since  it  is 
observed  that  a  high-velocity  jet  is  produced  in  the  core  of  an  end- 
initiated  hollow  cylinder,  the  responsibility  for  the  anomalous  behavior 
Of  hollow  cylindrical  samples  may  be  ascribed  to  effects  caused  by  the 
jetting  phenomenon.  Therefore, this  subtask  consists  of  a  series  of  tests 
designed  to  investigate  the  manner  in  which  jetting  affects  the  deto¬ 
nation  reaction  of  hollow  cylinders.  These  tests  include  studies  of  the 
effect  Of  core  diameter  (ID),  and  sample  length,  and  web  thickness  on 
the  behavior  of  hollow  cylinders. 

3.  1.  4.  1  Effect  of  Core  Diameter 

Hollow  samples,  cast  from  AAB-3189  propellant,  having  web  thickness 
equal  to  1.4  in.  were  prepared  in  several  sizes  in  which  only  the  ID 
varied.  Core  diameters  of  0.06,  0.  12,  0.  25,  0.  50,  0.80,  1.  5,  and 
3.  0  in.  were  choBen.  All  sample  lengths  were  four  times  the  OD,  The 
samples  were  instrumented  with  four  sets  of  ionization  probes  in  circuit 
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with  four  rasteroscillographs  to  obtain  distance -time  data  on  the 
reactive  shock  wave  and  the  jet.  Three  Bets  of  probes  placed  in  tne 
propellant  gather  the  data  at  radial  positions  1  / 4 - ,  1/2-,  and  3/4-web 
in  from  the  outaide  of  the  samples.  The  luui  i!i  sat  of  pTobco  monitors 
the  travel  of  the  jet  along  the  charge  axis.  Figure  1  shows  the  test 
setup. 

A  1-in. -thick  Plexiglas  plate  is  placed  between  the  Composition  B 
booster  and  the  propellant  acceptor.  The  Plexiglas  attenuates  the 
velocity  of  the  shock  wave  entering  the  acceptor.  This  allows  better 
resolution  of  the  initial  behavior  of  the  reactive  shock  wave  in  the  pro¬ 
pellant  by  preventing  its  being  masked  by  the  normal  attenuation  ot  a 
highly  overboostered  initiating  wave  in  the  acceptor,  which  would  occur 
if  the.  booster  charge  were  plat  ad  directly  on  the  propellant  sample. 

The  Plexiglas  barrier  also  prevents  the  booster  shock  wave  from 
forming  a  jet  in  the  hollow  acceptor  before  the  propellant  detonation 
reaction  produces  its  jet.  The  1-in.  thick  attenuator  does  not  reduce 
the  shock  pressure  below  the  minimum  level  required  to  initiate 
detonation  in  these  samples.  fe 

The  specific  purpose  of  these  tests  was  to  determine  the  influence  of  the 
ID  on  the  location  of  the  point  along  the  charge  length  where  detonation 
ceases.  It  is  of  interest  to  learn  whether  a  minimum  core  diameter 
exists  below  which  the  jet  has  no  effect  on  the  prbpellant  behavior,  and 
whether  a  maximum  core  diameter  of  reasonable  proportions  exists 
above  which  the  jet  has  no  effect  on  the  propellant  behavior.  The  3-in. - 
ID  (the  maximum  core  sire  tested)  is  not  the  largest  that, be  tested 
in  this  program  In  the  verification  tests  (Subtask  3.  3„.  • 

with  6 -in.  ID  are  included,  which  wilt  permit  further  evaluation  of  the 

effect  of  core  size.  ..  . 

,  '  .  ;  ■■■  .«r,  .  ■■■:■  ■  ....  .  ■■  - 

The  distance -vs -time  data  were  reduced  for  plotting  the  dd^dnatid^^;'1^  ■ 
velocity  vs  distance  along  the  sample  at  each  radial  distance  into  the 
sample.  ■  ^ 

Figure  2  is  a  plot  of  the  data  obtained  at  the  1 /4-web  depth.  Only  j, 
straight  lines  were  used  to  connect  the  individual  data  points,  because’ 
to  have  fit  the  data  to  smooth  curves  would  have  made  it  m,o,rd  difficult 
to  isolate  the  data  of  any  one  sample  size  from  the  others/  ''  From 
these  data  it  is  evident  that  regardless  of  the  size  of  the  ID,  the 
detonation  began  to  fade  after  7  in.  of  travel  in  the  samples. 
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Figure  1.  Jetting  Phenomena  Test  Setup 
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The  results  obtained  at  1/2-web  depth  are  shown  in  Figure  3  and  are 
consistent  with  the  preceding.  The  data  indicate  that  from  me  UUUU^C  w£ 
the  web  toward  the  outer  surface  of  the  hollow  samples,  the  detonation 
wavefront  is  perpendicular  to  the  charge  axis  until  rapid  fading  begins. 

The  data  obtained  at  the  3/4-web  depth  (Figure  4)  are  much  more 
erratic  than  those  from  locations  more  removed  from  the  inner  surface. 
They  also  show  no  correlation  with  core  size,  but  do  indicate  that 
fading  begins  somewhat  sooner  at  this  position,  i.  e.  ,  at  5  to  6  in. 

The  jet-velocity  data  (Figure  5)  show  some  oscillatory  behavior.  More 
important,  there  is  evidently  a  correlation  between  the  size  of  the 
perforation  and  the  velocity  of  the  jet.  It  was  observed  that  higher  jet 
velocities  occurred  at  smaller  core  sizes.  This  would  be  expected 
because  the  Mach  interaction  that  produces  the  jet  would  be  greatest 
when  the  core  size  is  minimum. 

Some  experimental  difficulty  in  probe  placement,  with  the  0.  06-in. -ID 
samples,  prevented  jet-velocity  data  from  being  obtained  beyond  the 
4-in.  distance.  Probes  further  down  the  charge  indicated  low 
velocities  more  typical  of  the  values  obtained  within  the  web,  and  these 
were  assumed  to  have  been  owing  to  failure  to  reach  the  small  core 
with  the  probes. 

From  these  tests,  it  is  concluded  that  the  abortion  of  sustained  detonation 
velocity  is  independent  of  core  size  over  the  50-fold  range  from  0.  06-in. 
to  3.  0-in.  ID. 

3.  1.4,  2  Effect  of  Length 

To  determine  whether  the  abortion  of  steady-state  detonation  is  caused 
by  an  end-effect  mechanism,  it  is  necessary  to  test  samples  that  vary 
in  length.  In  the  series  of  tests  described  in  Section  3.  1.4,  1,  samples 
having  lengths  equal  to  4  times  the  OD  were  used.  Since  the  web  thick¬ 
ness  was  held  constant,  the  OD  varied  in  the  same  increments  as  the 
ID,  and  the  lengths,  therefore,  varied  over  a  two-fold  range.  Since  no 
correlation  was  found  between  the  location  oi  the  fadeout  point  and  the 
ID,  it  follows  that  no  correlation  existed  with  the  sample  lengths  either. 
However,  a  series  of  tests  was  planned  explicitly  to  investigate  the 
length  effect  using  samples  of  identical  cross-section  (4.  50~in.  OD  by 
1.50-in.  ID). 


igure 


DISTANCE  FROM  INITIATED  END  OF  SAMPUE  (in.) 

Figure  4.  Detonation  Behavior  in  1.4-in.  .Web,  Hallow  Cylinders  of  4.4B-3  189. 

(Obtain'd  at  points  3/4-Web  into  the  Samples) 


Figure  5.  Jet  Velocity  in  Hollow  Cylinders  of  AAB-3189  Having  1. 

(Obtained  at  {joints  on  axis  of  sample). 
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Four  sample  lengths  were  tested:  18  in.  (4  x  OD),  22.  5  in.  (5  x  OD), 

i  .  If  An  1  _  i  n  /  »  t  a  V  «  •  <  ,  »  • 

r  in*  \u  a  auu  -»u  Ail*  \u  a  a  nc;  pxuuc  iiiDU  umeutauun  waa 

limited  to  two  depths:  one  set  inserted  to  1/4-web  thickness,  the  other 
to  l/4-w*h  thirkn««s.  Plpwtolas  wj  c  ii*aH  to  atUnnatp  frV>A  hnnotpr 

O  .  1  *  " 

shock  wive,  for  the  same  reasons  discussed  in  Section  3.4.  1.  1. 

Figure  6  shows  the  data  obtained  from  the  outer  set  of  probes,  reduced 
to  detonation  velocity  vs  distance  along  the  sample.  It  is  evident  from 
these  data  that  the  sudden  fading  of  the  detonation  velocity  is  not 
cuased  by  an  end  effect.  The  fading  begins  after  approximately  24  in.  , 
and  it  is  therefore  not  observed  in  the  two  smaller  lengths.  It  should 
be  noted  in  comparing  the  results  for  the  1.  5-in.  web  to  those  obtained 
with  the  1.4-in.  web,  that  the  0.  1 -in-  increase  in  web  thickness 
extends  the  distance  along  the  sample,  through  which  a  sustained 
detonation  velocity  occurs,  from  7  to  24  in.  .ThiB  shows  proof  that,  fora 
given  material,  the  web  size  is  the  principal  influence  on  the  duration 
of  a  sustained  detonation  velocity,  as  judged  by  velocity  data  obtained 
near  the  outer  surface  of  hollow  samples. 

Figure  7  reveals  the  extraordinary  detonation-velocity  data  obtained 
from  the  inner  set  of  probes.  The  velocities  increased  to  near 
7.  5mm,/ |i sec  at  the  24-in.  distance-  Again,  the  behavior  of  the  deto¬ 
nation  near  the  inner  surface  of  hollow  cylinders  is  seen  to  differ 
significantly  from  that  near  the  outer  surface.  The  outer  portion  of 
the  web  behaves  more  normally  until  the  point  is  reached  where  the 
detonation  fades.  Since  the  inner  portion  is  relatively  more  erratic, 
it  is  clear  that  a  true  steady-state  sustained  detonation  occurs  for 
only  a  short  distance  and  this  "detonation"  is  in  fact  a  transient 
phenomenon.  /•  ■■  . 

3.  1.4.  3  Effect  of  Web  Thickness 

Two  samples  of  AAB-3189  propellant  were  tested  that  measured  8-in. 

OD  by  1.  5-in.  ID  by  32-in.  long.  These  were  fired  under  the  same 
conditions  and  with  the  same  type  of  instrumentation  as  that  shown  in 
Figure  1.  The  data  from  the  two  tests  were  self-consistent.  Figure  8 
shows  the  velocity-vs-distance  record  of  these  tests  and  illustrates  the 
behavior  of  detonation  velocity  in  a  hollow  cylinder  that  has  a  web  thick¬ 
ness  (3.  25  in.  )  thht  is  much  larger  than  the  predicted  pseudocritical  web 
thickness  (1.3  in.),* 


*See  Section  3.  1.  4.  4  for  a  discussion  of  the  critical  geometry  of  hollow 
cylinders,  and  the  definition  of  "pseudocritical." 
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T>i»<rmoVinut  the  entire  namnlp  lenerth  the  velocitv  of  the  wave  over  the 
outer  half  of  the  web  remains  constant  (2,  8  mm/psec).  At  the  3/4- 
web  depth,  the  same  veloci  y  is  maintained  for  10  in.  and  then  the 
velocity  increases  very  rapidly  to  reach  an  eventual  maximum  of 
9.  5  mm/psec.  The  jet  velocity  increases  to  between  9.  6  and 
9.  5  mm/psec  after  12.  5  in. 

Detonation  of  propellant  at  9<  5  mm/ps ec  is  difficult  to  accept.  Since 
this  velocity  agrees  with  the  jet  velocity,  an  alternative  explanation 
for  the  high  velocity  registered  by  the  3 /4-web  probes  can  be  postulated. 
Assume  that  the  jet  front  causes  ignition  of  propellant  at  the  inner 
surface  as  it  proceeds  down  the  perforation.  This  is  reasonable, 
because  of  the  high  temperature  and  high  pressure  characteristics  of 
the  jet.  Assume  further  that,  because  of  the  high  pressure  in  the 
perforation  behind  the  jet  front,  the  propellant  will  burn  at  a  fast  rate. 

It  follows  that,  at  a  sufficient  distance  down  the  sample,  enough  time 
would  elapse  between  the  passage  of  the  high-velocity  igniting  jet  front 
and  the  arrival  of  the  lower  velocity  reactive  wave  in  the  propellant  to 
permit  the  burning  propellant  surface  to  reach  the  inner  probes  before 
the  reactive  wave  in  the  propellant.  Since  the  probes  are  triggered  by 
shorting  through  a  highly  ionized  medium,  they  could  be  triggered  when 
the  burning  Surface  reaches  them.  The  apparent  velocity  deduced 
from  the  inner  (3/4-web)  probes,  from  that  point  on,  should  be  identical 
to  the  jet  velocity,  because  the  vector  describing  the  regression  of  the 
burning  inner  surface  in  the  longitudinal  direction  is  equal  to  the 
velocity  vector  of  the  jet  in  the  same  direction  (assuming  a  constant 
radial  burning-rate  vector). 

Assuming  this  hypothesis  to  be  true,  the  point  where  the  burning  sur¬ 
face  first  triggered  the  3/4-web  probes  had  been  ignited  45  psec  earlier 
by  the  jet  front.  For  G.  8  in.  of  propellant  to  burn  in  4  5  psec  requires 
an  average  burning  rate  of  0.  45  mm/psec.  No  propellant  burning- 
rate  data  have  been  measured  near  thic  rate.  Extrapolation  of  the 
ammonium  perchlorate  burning-rate  expressions  developed  in  Refer¬ 
ence  5  yields  an  estimate  of  the  pressure  required  to  cause  burning  at 
0.45  mm/psec.  This  pressure  estimate  is  between  5  and  100  kbar, 
using  these  equations  respectively: 

B  *  0.  70  sinh  (1.  59  x  10"4  P)  (17) 


B 


(18) 


SSB a^-fi 


1 
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where  B  is  the  burning  rate  (in./sec)  at  pressure  P  (psig).  Since 

TT  - - ,  1  *1  r-i*-  41-^  J-si-  U  ^4- -.4.  *L«  UJ  —1-. - p—  - .  —  U-* 

inferred  that  the  required  pressure  is  nearer  the  5-kbar  level.  No 
measurement  of  the  static  pressure  within  a  cylindrical  jet  cavity 
exists,  so  there  is  no  way  to  determine  the  probability  that  such  high 
burning  rates  are  possible. 


3.  1,4,4  Conclusions 

Based  on  the  reported  findings  of  the  jetting  phenomena  test  series,  the 
following  conclusions  are  made.  By  all  considerations,  these  con¬ 
clusions  are  subject  to  revision  and  correction  pending  further  study  of 
this  complex  problem. 

a.  Co^e  diameter  does  not  affect  the  abnormal  behavior  of  the 
detonation  wave  in  hollow  cylindrical  samples. 

b.  The  abnormal  behavior  of  the  detonation  wave  is  not  caused 
by  an  end -effect  mechanism. 

c.  The  principal  cause  for  abnormal  behavior  of  the  detonation 
process  in  hollow  cylindrical  samples  is  the  web  thickness; 
specifically,  the  size  of  the  web  that  exceeds  a  pseudo- 
critical  value,  which  is  defined  as  that  size  below  which  no 
transitory  sustainment  occurs. 

d.  The  mechanism  that  causes  abnormal  quenching  of  the  deto¬ 
nation  process  consists  of  a  radial  burning,  directed  outward 
from  the  inner  surface,  which  proceeds  at  a  high  rate  and 
reduces  the  web  size  to  below'  the  pseudocritical  value. 

The  last  conclusion  expresses  the  present  interpretation  of  the  test 
results,  which  does  not  consider  any  other  perturbation  to  steady-state 
behavior  than  the  high  burning  rate  process.  If  such  a  process  can 
continue  unabated,  clearly  no  classically  supercritical  hollow  cylinder 
is  possible.  However,  the  duration  of  high  pressure  at  a  fixed  distance 
down  the  sample  must  certainly  be  finite,  because  the  jet  slug  must  have 
finite  length.  Therefore  it  is  possible  that  a  hollow -core  sample  could 
be  made  having  a  web  sufficiently  larger  than  the  pseudocritical  size 
to  remain  supercritical  after  the  limited  burning  process  has  consumed 
a  portion  of  the  inner  web  surface. 
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The  entire  jetting  problem  is  not  well  enough  understood  in  its  basic 
fundamentals  to  allow  further  speculation  about  this  and  other  possi¬ 
bilities.  The  primary  question  that  remains  unanswered  is  how  a  jet, 
traveling  at  about  twice  the  velocity  of  a  detonation  (reaction  in  the 
web  of  a  hollow  sample, continue s  to  receive  energy  from  that  reaction 
despite  the  continuously  increasing  separation  of  the  two  fronts.  If 
the  jet  velocity  exceeds  the  detonation-wave  velocity,  steady-state 
conditions  would  be  impossible  in  hollow-core  samples.  This  fact 
alone  rules  out  discussion  of  critical  size  and  supercritical  size,  when 
speaking  of  the  hollow  cylinder.  These  terms  need  to  be  modifi  ed, 
by  using  the  prefix  "pseudo."  Thus,  pseudocritical  geometry  is 
defined  as  the  minimum  geometry  in  which  detonation  can  be  sustained 
for  a  minimal  distance,  and  pseudoaupercr  iticai  geometry  is  de¬ 
fined  as  any  geometry  larger  than  the  pseudocritical  geometry.  This 
Convention  has  been  adopted  in  Section  3.  2.  1.  3,  where  the  critical 
geometry  subtask  considers  hollow  cylinders. 

3.2  TECHNICAL  DISCUSSION  -  PHASE  2  SUBTASKS 

3.  2.  1  Critical  Geometry  (Subtask  3.  3,  2) 

3.  2.  1.  I  Equilateral  Triangle 

AAB-3189  propellant  from  Batch  4EH-108  was  cast  into  30  equila¬ 
teral  triangular  cross-section  columns  for  testing  to  determine  the 
critical  geometry  of  this  shape.  Five  samples  were  to  be  cast  at  each 
of  the  following  nominal  sizes:  4.  05,  4.  15,  4.  25,  4.  35,  4.  45,  and 

4.  55-in,  Modifications  to  the  molds  before  the  casting  took  place 
raised  each  of  the  seta  of  dimensions  by  approximately  0.  20  in.  , 
which  produced  a  series  of  samples  ranging  from  4.  25-  to  4.  75-in. 

All  the  columns  had  a  length -to-side  ralio  of  4. 

By  the  theory  of  Critical  geometry  for  the  equilateral  triangular 
column 


b 

C  (19) 

where  crc  is  the  critical  geometry  and  bc  is  the  critical  length  of  a 
side  of  the  triangle. 


.siur-a 


w*--' 1 
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From  the  results  of  21  tests  performed  with  these  samples  (Table  3 
and  Figure  9),  the  maximum  likelihood  estimate  of  the  mean  critical 
aide  is  4.  50-in.  The  critical  geometry,  by  Equation  19,  is  2.  60  in. 
Batch-control  tests  showed  the  critical  diameter  of  Batch  4EH-108  to 
be  equal  to  2. 73  in.  Further  analyses  of  these  results  and  those  obtained 
with  the  other  shapes  is  given  in  Section  3.  2.  1.  4. 


i  3.  2J  1.  2  Rectangle 

.  1  i 

%  Eighteen  critical-geometry  tests  were  conducted  using  rectangular 
f  cross-section  samples.  The  samples  were  cast  from  AAB-3189  pro- 
I  pellant  in  Batch  4EH-110,  which  had  a  critical  diameter  of  2.  92  in. 
kAs  in  all  the  critical-geometry  tests  of  solid  shapes,  the  explosive 
fbobster  cr&ss-section  was  identical  to  that  of  the  acceptor. 

'  .  I  ■  4  vi 

Since  the  rectangle  is  a  two-parameter  shape,  for  these  tests  it  was 
decided  to  Tceep  the  thickness  constant  and  vary  only  the  width  of  the 
samples.  The  critical  geometry  is  less  sensitive  to  incremental  changes 
in  width  than  it  is  to  the  same  changes  in  thickness.  This  is  evident 
by  inspection  of  the  -defining  equation: 


A 


iwt 


=  i 


w  +  t . 


(20) 


where  w  is  the  width  and  t  is  the  thickness  of  the  rectangle.  Since  t 
was  chosen  to  be  1. 75-in. ,  Equation  20  may  be  written 


3.  5  w. 


1,75  4-  w. 


(21) 


for  this  particular  series  of  tests. 


>  ;•  1  .  .  1 

The  test  results  axe  given  in  Table  4.  The  maximum  likelihood  esti¬ 
mates  of  the  mean  critical  width  and  the  standard  deviation  are  6.  3 1 
and  0,26  in.-,  respectively.  By  Equation  21,  the  critical  geometry 
for  these  rectangles  is  2.  74  in. 


V1  X 
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Table  3.  Test  Results,  Subtask  3.  3.  2, 
Equilateral  Triangles. 


Triangle  Side 

_ 

1 

Density 

(gm/cc) 

-  -| 

Result 

of 

Test 

Average 
Detonation 
Velocity 
(mm/|Asec ) 

T est  No. 

Mean 

(in.) 

Standard 

Deviation 

(in.) 

4.  25 

0.  061 

1.  732 

No-go 

«■ 

3.  3.  2.  2 

4.  35 

0.  027 

1.  713 

No-go 

-  - 

3.  3.  2.  3 

4.  35 

0. 047  : 

1.  730 

No-go 

-  - 

00 

4.  i5 

0.  049 

1.  729 

No-go 

-- 

3.  3.  2.  9 

4.  37 

0.  036 

1.  731 

No-go 

-  « 

3.  3.  2,  10 

4.  38 

0.  030 

1.  729 

No-go 

~  - 

3.  3.  2.  11 

4.  47 

1.  730 

No-go 

-  ~ 

3.  3.  2.  12 

4.  48 

0.  039 

1.  732 

No-go 

-  - 

3.  3.  2.  13 

4.  49 

0.  038 

1.  730 

No-go 

..  -  - 

3.  3.  2.  4 

4.  50 

0.  060 

1.  734 

Go 

4.  24 

3.  3.  2.  1 

4,  50 

0.  069 

1.  731 

Go 

4.  25 

3.  3.  2.  5 

4.  50 

0.  054 

1. 731 

No-go 

3.  3.  2.15 

4.  54 

0.  038 

1. 729 

Go 

4.  32 

3.  3.  2.  6 

4.  54 

0.  032 

1. 728 

Go 

4.  26 

3.  3.  2.  16 

4.  56 

0.  045 

1.731 

Go 

4.  30 

3.  3.  2,  7 

4.  56 

0.061  . 

Go 

4.  29 

3.  3.  2.  14 

4.  64 

0.  025 

1. 728 

Go 

4.  34 

3.  3.  2.  21 

4.  67 

.  0.  054 

l.  730 

Go 

4.  31 

3,3.2.  20 

4.  67 

0.  065 

1.  727 

Go 

4.  32 

3.  3.  2.  18 

msEm 

1.  729 

Go 

No  data 

3.  3.  2.  19 

4.  75 

0,  052 

. 

1.  729 

Go 

4.  41 

3.  3.  2.  17 

_ 
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Figure  9.  Go  -  No  Go  Results,  Batch  4EH-108  Equilateral  Triangles, 

AAB-3189. 
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Table  4.  Test  Results  for  Rectangular  Slabs  (AAB-3189) 
1.  75  in.  Thick  by  11.  75  in.  Long. 


Width 

(in.) 

Result 

Average 

Velocity 

(mm/gsec) 

Test  No. 

5.  00 

No-go 

_  - 

3.  3.  2.  78 

5.  75* 

No-go 

3.  3.2.  77 

5.  75 

No-go 

-- 

3.  3.2.49 

5.  875 

No-go 

-- 

3.  3.  2.  50 

5.  875 

No-go 

-- 

3.  3.  2.  51 

6.  00 

No-go 

-- 

3.  3.  2.  48 

6.  00 

No-go 

3.  3.  2.  42 

6.  00 

4.  19 

3.  3.2.  37 

6.  125 

No-go 

«.»  — 

3,  3.2.  46 

6,  125 

No-go 

-- 

3.3.2.47 

6  25 

No-go 

-- 

3-3.2.45 

6.  50 

Go 

4.  38 

3.3.2.44 

7.  00 

Go 

4.  24 

3.  3.  2.  43 

7.  75 

Go 

4.  29 

3.3.  2.41 

9.  00 

Go 

4.  29 

3.3.2.38 

9.  50 

Go 

4.  13 

3.  3.  2.  40 

10.  00 

Go 

4.  26 

3.  3.  2.  39 

11.  75 

Go 

4.  31 

3.3.2.35 
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3.  2.  1.3  Hollow  Cylinders 

Cj.  y  icoia  lictve  been  conducted  on  circular -core  and 

cross-core  hollow  cylinders.  A  series  of  tests  for  both  of  these 

was  nja  inr/  p?rfor?-tion2  of  t\V  O  ^if£c2*cr*t  G1ZCS 

Variation  of  the  sample  sizes  within  each  set  was  controlled  by  the 
OD  of  the  samples. 

The  interpretation  of  the  critical-geometry  tests  for  hollow  cylinders 
is  different  from  that  employed  for  all  other  shapes  tested.  The  dis¬ 
cussion  of  jetting  phenomena  (Section  3.  1.4)  explains  the  reasons  for 
this  difference.  Since  the  critical-geometry  theory  was  developed 
as  a  first-order  approximation  that  did  not  consider  interactions, 
to  evaluate  the  theory  as  it  stands  requires  determination  of  the 
pseudocritical  geometry  for  hollow  cylinders.  The  definition  of  this 
term  previously  given  is  the  minimum  geometry  below  which  no 
sustained  detonation  can  occur  over  a  finite  distance. 

Determination  of  the  pseudocritical  size  is  accomplished  by  reducing 
distance-vs-time  data  obtained  from  probes  placed  in  the  samples  to  a 
depth  equal  to  l/2-web  thickness.  The  distance  over  which  a  sus¬ 
tained  detonation  occurs  is  determined  from  the  data  for  those  sizes  in 
which  this  behavior  is  observed.  An  estimation  of  the  pseudocritical 
size  could  be  made  from  the  assembled  data  on  propagation  distance 
vs  sample  size  by  assuming  a  linear  relationship  and  extrapolating 
a  best-fit  line  to  zero  propagation  distance.  Considering  the  diffi¬ 
culty  involved  in  obtaining  an  accurate  propagation  distance  estimate, 
however,  and  noting  the  high  sensitivity  of  propagation  distance  to 
web  size  (Section  3,  1,4.2),  it  is  more  proper  to  consider  that  the 
size  at  which  propagation  occurs  for  approximately  two  web  thick¬ 
nesses  is  a  reasonable  estimate  of  the  pseudocritical  size. 

The  results  of  the  circular-corc  tests  are  shown  in  Table  5.  The 
critical  diameter  of  Batch  4EH-109  material  from  which  these  were 
cast  is  2,  92-in.  By  the  critical-geometry  theory,  the  pseudocritical 
geometry  of  a  circular  -core  hollow  cylinder  is  equal  to  the  differ¬ 
ence  between  the  OD  and  the  ID  of  the  pseudocritical  sample. 

For  the  1.  5-in. -ID  samples,  the  pseudocritical  size  is  4.  12  in.  OD, 
which  corresponds  to  a  pseudocritical  geometry  of  2.  62  in.  The 
pseudocritical  size  of  the  3-in.-ID  samples  is  5.62  in.  OD,  which  also 
yields  2.  62  in.  as  the  pseudocritical  geometry. 
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Table  5.  Test  Results,  Subtask  3.  3.  2,  Circular-Core 
Hollow  Cylinders  AAB-3189. 


ID 
(in,  ) 

OD 
{in.  ) 

Propagation 
Distance 
(in.  ) 

Detonation 

Velocity 

(mm/fisec) 

Test  No. 

1.5 

4.  25 

13 

4.  29 

3.  3.  2.  28 

4.  25 

17 

4.  32 

3.  3.  2.  69 

4.  12 

2.  5 

4.  23 

3.  3.  2.  29 

4.  12 

4 

4.  28 

3.  3.  2  70 

4.  00 

0 

-  - 

3.  3.  2.  30 

4.  00 

0 

«  - 

3.  3.  2.  71 

3.  88 

0 

3.  3.  2.  31 

3.  88 

0 

-  - 

3.  3.  2.  72 

3.75 

0 

-- 

3.  3.  2.  32 

3.  75 

0 

-- 

3.  3.  2.  73 

3.  62 

0 

-- 

3.  3.  2.  33 

1.5 

3.  62 

0 

.  -- 

3.  3.  2.  74 

3.  0 

5.  75 

7 

4.  23 

3.  3.  2.  22 

3.  0 

5.  75 

8.  5 

4.  28 

3.  3.  1.  56 

5.  62 

4.  5 

4.  22 

3.  3.  2.  23 

5.  62 

■  5 

4.  25 

3.  3.  2,  75 

5.  50 

0 

-- 

3.  3.  2.  24 

5.50 

0 

-- 

3,  3.  2.  55 

5.  38 

0 

--  ' 

3  3.  2.  25 

5.  38 

0 

-- 

3.3.2.54 

5.  25 

0 

3.  3.  2.  26 

5.  25 

0 

3.  3.  2.  36 

5.  25 

0 

-- 

3.  3  2.  53 

5.  12 

0 

3.  3.  2.  27 

3.  0 

. 

5.  12 

0 

_ _ _ 

3.  3.  2.  52 
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The  results  of  tests  that  involved  cross-core 
in  Table  6.  The  cross -shape  perforation  is  cot 
arms  of  equal  dimensions.  By  the  critical-geoi 

(OD)/  -  20/': 

( T  =  ‘ - '  "  1  '  1  • 

C  (OD)c  +12/ 

where  ar  is  the  pseudocritical  geometry  and  (oj 
outer  diameter  of  a  sample  perforated  by  a  "sqj 
the  width  (and  length)  of  each  arm  is  equal  to  A  | 

When,*  equals  0.  5  in.  ,  the  pseudocritical  OD  il 
Equation  22,  gives  a  pseudocritical  geometry  o| 
1.  0  in,  ,  the  pseudocritical  OD  is  5,  50  in, ,  whil 
of  2,  56  in.  for  the  pseudocritical  geometry. 

3.2.  1.4  Conclusions 

A  summary  of  the  analyzed  critical  -geometry  r 
Table  7,  which  shows  the  calculated  critical  an 
geometries  for  square,  triangular,  and  rectang 
hollow-core  cylindrical  shapes,  compared  with 
of  the  batches  from  which  the  samples  were  can 


rfo rations  are  shown 
nposed  of  four  square 
netry  theory. 


))  is  the  pseudocritical 
iare”  cross  of  which 
a  constant. 


s  4.  12  in.  ,  which  (by 
F  2,  56  in.  For>f  equal  to 
ch  also  yields  a  value 


e  suit  a  is  given  in 
d  pseudocritical 
ular  columns,  and 
i the  critical  diameters 


Two  attempts  to  find  a  correlation  between  the  j  pritical  diameter  and 
critical  geometry  for  all  shapes  are  shown  in  Tj  able  7.  The  difference 
between  critical  diameter  and  critical  geometr  y  does  not  provide  a  good 
correlation  among  the  shapes.  Correlation  in  ;crms  Of  differences 
does  not  have  a  strong  physical  justification  eit  jher. 

5 

The  ratio  of  critical  geometry  to  critical  dianu  ,ter  for  each  shape 
is  more  uniform  and  represents  a  plausible  me  an8  of  correlating 
the  critical-geometry  data.  Since  all  the  tests  in  this  subtask  used 
AAB-3189  propellant,  any  attempt  to  make  gen  |tral  conclusions  re¬ 
garding  the  critical-geometry  theory  would  be  ;  premature.  The 
verification  tests  (Subtask  3,3.3)  using  AAB-32  j^s  propellant  will 
provide  data  that  will  facilitate  the  determinate  j)n  Qf  a  proper  correla¬ 
tion  method. 


Square 

2.49 

Equilateral 

Triangle 

2.  60 

Rectangle 

2.  74 

Circular-Core 

Hollow  Cylinder 

2.  62* 

Cross-Core 

Hollow  Cylinder 

2.  56* 

Mean  (<rc/dc)  =  0.92 
Standard  Deviation  *  0.  03 


*Fseudocritical  geometry 
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The  jetting  phenomenon,  which  perturbs  the  detonation  of  hollow 
cylinders  in  the  sizes  used  in  this  test  prop, ram,  has  been  discussed 
3,  1.4).  To  maKo  any  conclusions  for  a  large,  full-scale 
rocket  motor  having  a  core  size  of  2  to  3  ft  is  still  a  tenuous  proposi¬ 
tion  h«rau.«e  there  has  beer,  no  experimental  work  performed  to  es¬ 
tablish  the  length  of  time  it  would  take  for  a  jet  to  form  or  if  it  would 
form  at  all  in  a  core  of  this  size.  Should  the  jet  be  sufficiently  de¬ 
layed,  or  nonexistent,  in  a  large-core  grain,  there  might  exist  a  true 
critical  size.  In  other  words,  the  introduction  of  the  "pseudocritical" 
concept  to  the  critical-geometry  theory  may  be  necessary  only  when 
describing  the  behavior  of  relatively  small  ID  grains.  This  important 
point  strongly  suggests  the  need  for  large-scale  critical-geometry  tests 
to  resolve  the  questions  regarding  applicability  of  the  theory  to  large 
motor  systems. 


3.2.2  Verification  of  Theory  (Subtask  3.  3.  3) 

The  purpose  of  this  subtask  is  to  determine  the  applicability  of  the  cri¬ 
tical  geometry  theory  to  a  material  different  from  AAB-3189.  The  pro¬ 
pellant  to  be  used  is  AAB-3225,  which  has  7.  1%  RDX  substituted  for  an 
equal  weight  of  ammonium  perchlorate.  The  sample  shapes  to  be  tested 
are  square  columns  and  perforated  cylinders;  the  latter  to  include  two 
sizes  of  circular  cores  and  two  sizes  of  cross-cores. 

The  molds  are  at  the  Sacramento  Plant  awaiting  the  casting  operation. 
Sizes  were  selected  according  to  a  statistical  desi  ■»  that  will  place 
all  the  testing  at.  approximately  +  3  standard  deviations  from  the  esti¬ 
mated  mean  critical  geometry,  which  is  predicted  by  multiplying 
the  critical  diameter  of  AAB-3225  by  the  ratio  of  critical  .eometry  to 
critical  diameter  determined  from  the  AAB-3189  tests  (Table  7).  The 
sample  sizes  are  given  in  Table  8.  If  the  theory  is  correct,  the  larger 
samples  of  any  set  should  all  be  supercritical  (or  pseudosiaper  critical 
in  the  case  of  the  hollow  samples)  and  the  smaller  samples  of  each 
set  should  be  subcritical.  The  present  schedule  calls  for  testing  these 
samples  in  January  1967. 

3.2.3  Initiation  Pressure  vs  Pulse  Width  (Subtask  3.3.4) 

A  calculation  was  made  to  estimate  the  velocity  and  thickness  of  an 
aluminum  plate  that  would  be  sufficient  to  initiate  detonation  in  a  4-in.- 
diameter  sample  of  AAB-3189  propellant.  Da.sed  on  this  calculation, 
preliminary  teats  will  be  conducted  with  1  /8-in. -thick  and  1/4-in. -thick 


Uk.i 


Sample  Size 
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aluminum  plates  projected,  to  3500  fps.  This  set  of  conditions  should 
produce,  in  both  cases,  a  49.  1  kbar  shock  pressure  in  the  propellant. 
The  pulse  widths  should  be  4.0  mm  for  the  l/8-in.  plate  and  8.  0  mm 
for  the  1/4-in.  plate.  The  event  will  be  photographed  using  the  100  kv 
X-ray  facility  available  at  Aerojet's  Chino  Hills  Ordnance  Laboratory. 


3.2.4  Initiation  Pressure  vs  Diameter  (Subtask  3.3.  5) 

I  ' 

Through  a  redirection  of  the  technical  effort,  this  subtask  has  been 
enlarged  to  consist  [of  tests  to  determine  the  initiation  criteria  for 
AAB-3189  (9-  2%  RD:k),  AAB-3225  (7.  1%  RDX),  and  AAB-3267 
(5%  RDX)  propellants.  The  objective  is  to  use  these  data  to  estimate 
the  initiation  criterion  for  unadulterated  propellant  (ANB-3226). 

Sensitivity  investigations  were  conducted  under  AF  04(61 1)-9945  with 
AAB-3189  propellant  to  a  diameter  of  6  in.  (Reference  4).  From 
this  study,  the  Hugoniot  of  AAB-3189  is  available.  The  Hugoniots 
of  the  other  two  formulations  must  be  determined  in  the  current 
program.  Also  required  are  additional  data  on  the  attenuation  of  a 
shock  wave  in  large  Plexiglas  columns.  These  two  efforts,  plus  the 
card-gap  sensitivity  [tests  themselves,  comprise  this  subtask. 


3.  2.  4.  1  Hugoniot  Determination 


The  methodised  to  determine  the  Hugoniot  of  propellant  is  identical 
|  to  that  described  in  Reference  4.  The  charge  is  prepared  by  alter- 
|  nately  stacking  1/4-in. -thick  by  1-in. -diameter  Plexiglas  discs  and 
0.  08-in.  jthi’ck  by  1 -in. -diameter  propellant  wafers  to  form  a  column 
approxiniktely  1-1/2-in.  high.  The  column  is  shocked  with  a  Compo¬ 
sitions  cylindrical  booster,  1  in.  in  diameter  by  2  in.  high.  The 
column  isf  backlighted  with  an  Argon  bomb  and  the  event  is  recorded 
on  a  Beckman  and  Whitley  streak  camera.  From  the  streak  record, 
velocities  iii  the  Plexiglas  are  determined  at  each  Plexiglas - 
propellant  interface.5*  Average  velocities  in  the  propellant  are  de- 
terminedfbyj  dividing  the  propellant  thickness  by  the  time  difference 
between  raelmoment  the  shock  enters  the  wafer  and  the  moment  it 
emerges  ht  the  propellant-Plexiglas  interface. 


*  The  custom  fin  identifying  interfaces  is  to  first  name  the  material 

from  which  the  shock  passes,  and  second  name  the  material  into  which 
the  shocldis  transmitted. 
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The  [streak  record  thus  furnishes  data  from  which  the  incident-shock 
velocity  in  Plexiglas  and  the  average  transmitted  shock  velocity 
IL  in  propellant  are  calculated. 

t  '  I 

The  If  oil  owing  Hugoniot  of  Plexiglas,  used  in  the  subsequent  calcu¬ 
lations,  was  reported  in  Reference  6: 


P  =  5.  51  U,  -  14.  03  U 


|where  P  is  the  shock  pressure  in  kbar,  and  U  is  the  shock  velocity  in 
"mm/jisec.  This  equation  can  be  written: 

f  1  ]  : 

P  =  30.  25  p+  21.  56  p2  j  (24) 

f  ^ 

where  p  is  the  particle  velocity  in  mm/psec  by  using  the  relationships: 

P  =  10  p  Up  and  p  Q  =1.  188  gm/ cm^. 

A  point  on  the  P  (p)  propellant  Hugor.iot  is  obtained  by  solving  these 
two  equations : 


I10  Po.  2  Ut  H 


P  =  21.  56  (2  p.  -  p)Z  +  30.25(2  -  p)  (2( 

m  1  H-i 

where® pQ  ^  *s  the  density  of  the  propellant  and  p-  is  the  incident 
particle  velocity  in  Plexiglas  corresponding  to  U^.  Equation  "’6  is 
|"reflection"  of  thejp(p)  Plexiglas  Hugoniot  about  p  =  p..  ' 


|a.  pf  AAB-3  189  Propellant  Hugoniot 

In  the  current  program,  the  reflection  operatic-.  .*  n'f  *&•*.. 
iically,  whereas  under  Contract  AF  04(61  , 

By  graphical  reflection,  the  Hugoniot  for  AAB-I  ’?*•  , 

to  be:  ;  -  ' 

i:  i  ' 

|  !  P  =  33.27  p  +  44.45  p2  ,  K 


f  P  =  <6.  694  U  -  12.  913U 


’  tfteMidBMsac^^  -tej«wiaaiHwe«9i^ jwBawwwwMi^^  aw»r».i»wCTnws^^  '$'■' 


—  4 
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By  mathematical  reflection,  using  the  same  data  generated  on  SOPKY  I, 
the  Hugoi4ot  for  AifB-3189  becomes: 

(29) 


or 


P  =  32.  18  p  +  47.  80  ,i 


P  =  6.  225  IP  -  11.  613U 


i 

I 


(30) 


The  revised  Hugoniot  does  not  significantly  alter  the  initiation  cri¬ 
terion  reported  in  Reference  4.  Pressure  valu.s  calculated  with  the 
revised  Hugoniot  differ  from  the  reported  data  only  in  fractions  of 
one  kilobar.  :: 


b;  AAB-3225  Propellant  .Hugoniot  ( 

Taftle  9  shows  the  values  of:  and  Ut  calculated  from  the  streak 

records  of  two  Hugoniot  tests,  the  corresponding  shock  pressure 
and  particle  velocities  calculated! from  the  Plexiglas  Hugoniot,  and 
the  shock  pressures  and  particle  ^velocities  computed  for  AAB-3225  by 
Hugoniot-reflection.  The  best-fit  quadratic  to  the  computed  Hugoniot 
points  is: 


27.38  p  +  62.  75  p 


(31) 


or-. 


}P|=  4.  797  U  -  7.  570U 


(32) 


Equation  31  is  shown  graphically  in  Figure  10  with  the  data  points 
from  which  the  equation  was  derived. 

IaJ^-3267  Propellant  Hugoniot 


Hugoqio' 


Januajryll967,  as  soon  as  cured  samples  become  available  from  the 


casting 


3  j  2.  4-  2* 


determinations  on  AAB-3267  propellant  will  be  made  in 


ne  at  the  Sacramento  Plant. 


Plexiglas  Attenuation  of  Shock  Waves 


fzfs  of  the  samples  that  will  be  tested  by  the  card-gap  techniques 
lord  3.  2. 


The 

(SectJon|3.  2.  4.3)  are  much  larger  than  any  other  samples  that  have 
beenftested  this  way;  To  determine  the  initiation  criterion  for  each 
proplllam  formulation  by  the  card-gap  method,  it  is  necessary  that  the 


Figure  10.  Hugoniot  for  AAB-3225 
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incident  shock  pr  essure  at  the  Plexiglas -propellant  interface  be  known. 
To  gather  the  information  requires  either  the  direct  measurement 
nf  incident  velocity  for  c?.oh  t"?*1  {by  pVintotrmpVilc  nr  electrical  means) 
or  the  determination  of  a  shock  velocity  vs  distance  curve  for  each 
size  Plexiglas  column.  The  former  is  an  extremely  difficult  ex¬ 
perimental  task  when  performed.  Therefore, attenuation  data  will  Vie 
gathered  from  a  stacked  column  of  1 -in. -thick  Plexiglas  plates.  The 
stacked  plates  are  required  because  of  the  unavailability  and  high  cost 
of  solid  rods  at  the  diameters  demanded  by  this  test  series. 

The  photographic  records  from  several  tests  with  8-in. -square  plates 
were  consistently  pour  in  one  respect.  The  shock  wave  location  was 
obscured  near  each  Plexiglas  interface  and  in  som3  cast  s  there 
appeared  to  be  severe  distortion  caused  by  the  laminar  column. 

Since  the  data  were  so  inadequate  for  use  in  determining  an  attenuation 
curve,  another  approach  had  to  be  initiated.  This  approach  used 
ionization  probes  to  determine  times -of-ar rival  of  the  shock  wave 
at  various  distances  down  the  column. 

Initially,  several  arrival,  times  were  obtained  from  preliminary  erd- 
gap  tests  in  which  the  trigger  probe  was  placed  at  the  booster- 
Plexiglas  interface  and  the  next  probe  was  placed  at  the  Plexiglas - 
propellant  interface.  To  obtain  velocity-attenuation  data  over  the 
whole  column,  it  is  necessary  to  probe  many  interfaces  within  the 
column. 

Tests  will  soon  be  conducted  in  which  sets  of  two  30-gage  enameled 
copper  wires  will  be  placed  at  various  interfaces  within  stacks  of  8-in, 
square,  9-in.  square,  etc.  ,  Plexiglas  plates.  These  wire  probes  will 
be  connected  through  a  mixer  box  to  a  rasteroscillograph  that  will 
record  distance-time  data.  Preliminary  evaluation  of  the  use  of  this 
type  of  probe  has  proven  it  successful.  It  remains  to  be  seen  whether 
a  large  number  of  such  probes  will  seriously  perturb  the  shock  wave 
attenuation  rate, 

3.  2,  4.  3  Card-Gap  Sensitivity  Tests 

Molds  have  been  fabricated  and  the  propellant  and  booster  casting 
schedules  established  to  prepare  samples  for  the  extended  effort 
in  this  subtask.  The  minimum  initiating  shock  pressure  will  be  de¬ 
termined  for  , A AU-3  189  propellant  at  10-in,  and  12-in,  diameter,  to 
extend  the  SOPHY  I  data  nearer  the  ideal  region.  Four  AAB-3225  tests 
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each  will  be  conducted  at  diameters  of  6,  7,  8,  10,  12,  and  24  in.  The 
AAB-3267  material  (critical  diameter  equals  approximately  10  in.) 
will  be  tested  only  at  12-in.  diameter  and  42-in.  diameter.  In  each 
andts,  the  £2.rd-gap  •»«*»>« iiivity  will  be  determined  out  to  a  diameter 
at  least  four  times  the  critical  diameter. 


3.2.  5  Sensitivity  of  Unadulterated  Propellant  (Subtask  3.  3,  6) 

It.  is  the  objective  of  this  subtask  to  attempt  to  determine  the  minimum 
shock  pressure  required  to  initiate  unadulterated  propellant  by  testing 
subcritical  samples,  each  containing  a  reeistance  probe  along  its 
axis.  A  full  discussion  of  the  method  was  given  in  Reference  2. 

The  constant-current  power  supply  has  been  checked  out.  It  has  an  excel¬ 
lent  response  to  rapidly  changing  loads.  The  resistance  probes 
have  been  received  and  inspected.  Samples  containing  axial  probes 
will  be  cast  in  December.  The  first  samples  will  be  caat  with  AAB-31B9, 
since  an  estimate  of  the  minimum  initiating  shock  pressure  already 
exists  for  this  propellant.  These  tests  will  evaluate  the  hypothesis 
that  the  minimum  initiating  pressure  can  be  found  in  subcritical 
testing. 

LARGE  CRITICAL-DIAMETER  TESTS 


4,  1  GENERALIZED  DETONATION  MODEL 

In  the  previously  developed  detonation  model  for  RDX-adulterated 
propellant  (Reference  4),  all  hot-spot  initiation  sites  were  assumed 
to  be  contributed  either  by  RDX  particles  or  by  other  inherent  sites 
Huch  as  voids,  crystal  defects,  ur  heterogeneities.  For  convenience, 
the  inherent  sites  were  considered  to  be  of  the  same  density  and 
average  size  as  the  RDX  particles.  This  assumption  permitted 
certain  simplifications  in  the  model  since  the  expression  for  the 
number  of  inherent  sites  could  Lie  combined  with  that  for  the  number 
of  RDX  hot-spot  sites  into  a  sin  ;le  term. 

In  reality,  different  typos  of  hot-spot  initiating  sites  may  vary  widely 
with  respect  to  average  nisae,  density,  and  distribution;  «.  g.  ,  dense 
RDX  particles  and  cast-in  voids.  To  permit  consideration  of  such 
differences,  the  didonation  model  has  bn  an  generalized. 


■-  the  weight  fraction  of  the  j-th  component 
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A  recent  paper  written  by  Apin  and  SteBik  in  the  Russian  literature 
(Reference  7)  describes  the  results  of  their  investigation  of  the  effect 
that  grit  particles  have  on  determining  the  critical  diameter  of  an 
explosive.  The  explosive  was  one  that  reacts  by  a  grain-burning 
mechanism.  The  results  of  their  work  are  summarized  by  the 
following  expression,  which  they  derived. 


where 


1 


+  Hj) 


1/3 


(3  5) 


na  =  number  of  added  grit  particle*  per  unit  mass 

and 

nj  =  number  of  inherent  hot-spot  sites. 


It  can  be  readily  seen  that  Equation  3  5  is  exactly  the  same  as  the 
left-hand  equation  of  Equation  34.  Agreement  with  the  Russian  model 
lands  support  to  the  model  developed  on  the  SOPHY  program.  It  is 
significant  that  the  Russians  used  inert  additives  to  in  reaso  the 
number  of  hot-spot  initiation  sites,  since  this  supports  the  ilOPHY 
hypothesis  that  included  among  the  inherent  sites  are  those  due  to 
heterogeneities  (such  as  aluminum  particles)  in  the  composite 
propellant. 


4.2  CORRECTIONS  TO  BLAST  DATA  FROM  CD-96 
AND  CD-98 


The  final  corrections  to  the  blast  data  from  the  72-in.  diameter  test 
(CD-96)  and  the  60-in,  diameter  tost.  (CD-98)  have  been  made.  Those 
corrections  reflect  the  results  of  an  intensive  and  thorough  calibration 
of  the  pressure  transducers,  amplifiers,  recording  system,  and  play¬ 
back  system.  The  corrected  pressures  are  appruxi  lately  8%  lower, 
in  the  near  stations,  and  5%  higher,  in  the  far  stations,  than  those  re¬ 
ported  previously  as  preliminary  data.  Table  10  shows  the  final  blast 
pressure  data  from  both  tests.  Figures  11  and  12  show  the  overpressures 
contributed  by  the  propellant  in  Tests  CD-96  and  CD-98,  respectively, 


...imi*. ,  Aii.ynai. 
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Table  10.  Observed  and  Cab-ulated  Side-On  Overpressure  and  TNT 
Equivalences  in  the  711 -in.  and  the  60 -in.  Critical  Diameter  Testa. 
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CRITICAL  DIAMETER  TES1 
60  IN.  DIA  X  240  IN.  CYLINDER 
PROPEI  L  ANT  AND  3224 
PROPELLANT  WT  (LIT)  47800 
TNT  BOOSTER  WT  (LB)  10700 
SITE  AIR  TEMP  (DEG  F)  103 
SITE  bARO  (IN.  OF  H«)  27.34 
TEST  DATE  21  JUL  « 
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MEASURED  SHOCK 

X  6  O'CLOCK 

VELOCITIES 

1  10  O'CLOCK 
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PROPELLANT  DEFECTS  STUDY 


5.  1  SYNTHESIS 


Studies  have  continued  to  be  conducted  on  the  effects  of  various  para¬ 
meters  on  the  quality  of  porous  propellant.  The  investigations  during 
this  period  have  focused  on  (1)  premix  and  mixing-cycle  sequence, 
(2|  Cowles  i)issolver  speed,  (3)  optimum  casting  vacuum,  (4)  intro¬ 
duction  of  biowing  Agents,  and  (5)  pressure -release  techniques.  In 
addition,  thjere  hasfbeen  an  investigation  of  the  relation  between  sub- 
i  mix  density! and  solid  density. 


|  5.!l.  1  Premix  and  Mixing-Cycle  Sequence 


The  micropfore  content  of  the  propellant  was  thought  to  be  limited  in 
part  by  those  steps  in  the  mixing  cycle  that  require  blending  DER  into 
the  submix  and  adding  aluminum  to  the  submix  to  form  the  premix. 
These  steps  may  cause  breakage  of  the  tiny  bubbles  that  are  formed 
during  the  aeration  step.  Four  batches  were  prepared  according  to 
the  test  plan  given  in  Table  11. 


Table  11.  Test  Plan  -  Premix  or  Mixing  Cycle  Study. 


Batch  No.  |  |  Premix  or  Mixing  Techniques 

1-t  Cowles  dissolve  all  ingredients  exceptSDER  and  oxidizer 

1-2  Cowles  dissolve  all  ingredients  except  oxidizer.  * 

1-2  Cowles  dissolve  all  ingredients  except  DER  and  oxidizer. 

Aerate  in  the  mixer  with  nitrogen  for  30  min  at 
20  ga., -flowmeter  units. 

1-4  Cowles  dissolve  all  ingredients  except  oxidizer. 

Aerate  in  the  mixer  with  nitroc  n  for  30  min  at 
20  gas -flowmeter  units. 

A  cooling  bath  was  installed  for  Batches  1-2  and  1-4,  which  per¬ 
mitted  Cowles  dissolving  the  catalyst  into  the  binder  with  only  a 
few  degrees  rise  in  temperature. 
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Following  cure  of  these  batches,  samples  were  prep?-r#^  i.n>m  ea.cn 

batch  for  determination  of  the  percent  pore  volume.';  -,3?a1 contains 
the  results  of  these  analyses.  It  can  be  seen  that  there ’c?f.a  nil*  app-rs -- 
ciable  effect  on  the  pore  volume  caused  by  any  of  the  in¬ 

troduced  into  the  premix  or  mixing  techniques.  The  pobe  do  tant: 
was  not  increased  either  by  Cowles  dissolving  DER  into  the  prcrpix: 
in  a  "complete  binder"  technique,  or  by  aerating  the  premix  In  the 
mixer.  .V 

I.  I  ' 

'  ’  A  •  • 

5.  1.  2  Cowles  Dissolver  Speed  '  1 

j  l  \  - 

Along  with  the  "complete  binder"  technique,  in  which  all  ingredients 
except  oxidizer  are  added,  another  study  was  made  of  the  effect  **? 
Cowles  Dissolver  speed  on  the  pore  formation  in  the  propellant. 

Three  batches  were  cast:  (1)  Batch  2-1  was  Cowles  dissolved  at 
5400  rpm;  (2)  Batch  2-2  at  3400  rpm;  and  (3)  Batch  2-3  at  2000  rptn. 
Preliminary  results  at  the  2000-rpm  level  show  incomplete  dispersive 
of  ingredients.  Therefore,  future  work  will  be  done  at  higher  speeds  to 
assure  complete  nixing  ’•  ider  all  conditions.  Table  13  shows  the 
results  of  this  investigation.  The  percent  pores  were  found  to  increase 
with  increases  in  the  Cowles  dissolver  speed. 

;  :  1  I  ;  ■  -  -  ■  ■  : 

.  I  i,  ’J  :  ■  r 

5.  1.  3  ^Casting-Vacuum  Study 

j  jjf 

Casting  .of  large  samples  cannot  be  made  free  of  large  casting  pores 
when  vibration  alone  is  used.  Therefore*  it  is  desirable  to  determine 
the  highest  possible  casting  vacuum  that  will  not  destroy  the  micro - 
pores  created  in  the  propellant  but  will  pi^vent  formation  of  casting 
pores  (herdinireferred  to  as  macropores).  The  results  shown  in 
Tables  12  and.  indicate  that  a  casting  vacuum  of  25-in.  Hg  does 
destroy  a  large  percentage  of  these  micropores. 

A  subsequent |c as tingfof  a  batch  prepared  by  aerating  with  nitrogen 
through  a  Sinlered-glks^s  funnel  for  12  hr  at  ambient  temperature, 
was  carried  out  at  20-ih.  Hg.  The  percent  pore  volume  was  signifi¬ 
cantly  improved  over,  t&at  obtained  at  25 -in.  Hg  vacuum,  but  the  vacuum 
is  still  too  high.  Cut^etl  at  20-in.  Hg,  the  propellant  had  a  2.  8%  pore 
volume  (at  temperatur4s  of  110°F  and  135°F)  and  a  1.  8%  pore  volume 
(at  cure  temperature  of  I50°F),  compared  to  a  6.  07c  pore  volume  when 
cured  at  110  F  under  no  vacuum. 
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Table  12.  Effect  of  Premix  or  Mixing  Cycle  Changes 
on  Propellant  Pore  Volume. 


Batch 

No. 

Casting 
Vacuum 
(in.  Hg) 

Cure 

Temp 

(°F) 

i-  . -  ,  .  -  -  —  -y 

Propellant 

Density 

(gm/ml) 

Pore 

Volume 

(%) 

1-1 

No  vacuum 

no 

1.  6382 

5.  4 

25 

110 

1.  6754 

3.  3 

25 

135 

1.  6852 

2.  7 

25 

150 

1.6928 

2.  2 

1-2 

No  vacuum  , 

110 

.. 

1.6478 

4.9 

■ 

25 

110 

1.6823 

2.  0 

25 

135 

1.7190 

0.  8 

25 

• 

150 

1.  7185 

0.9 

1-3 

No  vacuum 

110 

1.6477 

4.9 

25 

110 

1.7215 

0.  7 

25 

135 

1.7187 

0.  8 

25 

150 

1.7199 

0.7 

1-4 

No  vacuum 

110 

1.  6396 

5.  3 

25 

no 

1.  7188 

0.  8 

25 

135 

1.7213 

0.  6 

]  ' 

25 

150 

1.  7249 

0.  4 
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Tablo  13.  Effect  of  Cowles  Dissolver  Speed  on 
Percentage  of  Pore  Content 


(  "Complete  Binder"  Method) 


Cowles 

Dissolver 

Speed 

(rpm) 

Casting 
Vacuum 
(in.  Hg) 

Cure 

Temp 

(°F) 

Propellant 

Density 

(gm/ml) 

Pore 
Volume  , 
(%) 

5400 

No  vacuum 

110 

1.6357 

5.6 

25 

110 

1.7129 

1.1 

25 

135 

1,  7178 

0.9 

25 

150 

1.  7304 

0.  1 

3400 

No  vacuum 

110 

1.  6362 

5.  5 

•’  . 

25 

no 

1.  7263 

0.4 

25 

135 

1.7213 

0.6 

25 

150 

1.7239 

0.5 

' 

2000 

No  vacuum 

210 

1.  6413 

5.1 

25 

110 

1.  7185 

0.8 

25 

135 

1.7238 

0.5 

25 

150 

1.  7223 

0.6 

0977-01(05)01’ 

More  batches  were  cast  of  AND -3226  propellant,  under  casting- 
vacuum  conditions  that  varied  from  10-  to  29-in.  Hg.  The  cured 
samples  were  analysed  for  percent  pore  volume,  and  the  percent  of 
total  potential  pore  content  was  calculated  using  that  achieved  at  the 
ambient-pressure  casting  as  the  reference.  Figure  13  shows  the  results 
of  this  analysis.  The  data  indicate  that  a  vacuum  of  less  than  10-in. 

Hg  will  not  affect  the  micropore  content  appreciably.  However,  it 
was  also  noted  at  this  low  vacuum  level  that  the  macropores  are  not 
removed.  It  is  possible  that  vibration  during  casting  would  improve  this 
condition. 

5.  1.  4  Blowing  Agents 

Several  blowing  agents  were  used  to  produce  gas  in  the  propellant, 
for  the  purpose  of  increasing  the  pore  formation.  These  agents  were 
of  two  types:  those  that  vaporise  easily  (chloroform,  methyl  chloro¬ 
form,  and  Freon-TF)  and  those  that  either  react  or  decompose  to  form 
a  gas  (toluene  diisocyanate/ water  and  hydroxylamine  acid  sulfate).  The 
first  type  of  blowing  agent  is  more  feasible  since  the  blowing  effect 
can  be  controlled  more  readily  by  the  vacuum  and  temperature  of  the 
mixing,  casting,  and  curing  operations. 

Chloroform  was  incorporated  at  2  and  4%  by  weight  of  binder,  and  the  ef¬ 
fects  on  the  pore  content  were  determined  from  samples  cast  and  cured 
under  various  conditions  of  temperature  and  pressure.  The  results 
are  given  in  Table  14.  A  slight  improvement  over  the  control  (14.9% 
vs  13.  4%  pore  content)  wts  observed  when  propellant  containing  4% 
weight  chloroform  was  cured  at  J10°F  under  atmospheric  pressure. 
Curing  at  150°F  did  not  increase  the  pore  content.  Under  vacuum,  the 
porosity  increased. 

The  ANB-3226  propellants  containing  Freon-TF  and  methylchloroform 
(at  4%  weight  of  binder)  were  mixed  in  a  similar  fashion.  The  results 
are  shown  in  Table  15.  Where  indicated,  the  propellants  were  cured 
at  110°F  for  24  hr  and  48  hr  under  atmospheric  pressure  prior  to 
vacuum  cure,  to  prevent  surface  bubbling.  Neither  of  these  two  agents 
were  as  effective  as  chloroform  in  causing  pore  formation. 

Neither  toluene  diisocyanate  (TDI)/water  nor  hydroxylamine  acid 
sulfate  were  effective  at  the  levels  used:  0,05  and  0.  1%  weight  of  pro¬ 
pellant  for  TDI/water;  0.05,  0,  1,  and  0.2  meq  hydroxylamine  acid 
sulfate  per  gram  of  Paracril  in  the  binder.  The  TDI/water  combina¬ 
tion  forms  carbon  dioxide  gas,  and  the  hdyroxylamine  acid  sulfate 
reacts  with  Paracril  to  generate  nitrogen  decomposition  products. 

At  the  0,  2  meq/g  level,  the  hydroxylamine  acid  sulfate  shortened  the 
propellant  pot  life  to  the  extent  that  the  batch  was  uncastable. 


Table  14.  Effect  of  Chloroform  on  Pore  Content. 


Chloroform 
%  by  Wt  of 
Binder 

mfitm 

Casting 
Vacuum 
(in.  Hg) 

Cure 
Vacuum 
(in.  Hg) 

Pore 

Volume 

(%) 

0  (control) 

110 

None 

None 

13.  4 

2 

110 

None 

None 

14.  1 

mm 

15 

None 

None 

None 

Ki 

15 

None 

4 

no 

None 

14.  9 

110 

15 

I 

11.  1 

.  "  •  ■  . 

150 

None 

14.  1 

150 

15 

Wm 

11.8 

♦During  the  vacuum  cure,  the  propellant  surface  rose  and 
bubbled  over. 
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Table  15.  Effect  of  Freon-TF  and  Methyl  chloroform 
on  Pore  Content. 


ll 

Ingredient 

Cure 

Temp 

(°'F) 

Casting 
Vacuum 
(in.  Hg) 

Cure 
Vacuum 
(in.  Hg) 

Pore 

Volume 

(%) 

(Control) 

110 

None 

None 

13.4 

Freon-TF 

110 

None 

None 

13,0 

110 

Nohe 

5 

10.  I 

no 

None 

5** 

io.5 

no  * 

None 

10 

10.  0 

Mediylch'iorofori 

n  110 

None 

None 

12.4 

•  ’’i) 

no 

10 

10** 

11.6 

no 

10 

id*** 

10.  6 

150 

10 

5 

9.0 

*  4%  by  weight  of  binder 
*#■  After  24  hr  at  atmospheric  pressure 
* W  After  48  hr  at  atmospheric  pressure 
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5.  1.5  Gas-Pressure  Technique 

AND -3226  binder  was  subjected  to  3000  psig  of  nitrogen  for  periods 
of  3  to  24  hr  prior  to  propellant  mixing,  to  dissolve  nitrogen  in  the 
binder.  The  results  of  this  effort,  (Table  16),  show  that  a  pore 
Content  of  15.  3%  was  obtained  under  these  conditions;  i.  e.  ,  24  hr  of 
binder  exposure  to  3000  psig  nitrogen,  15-in.  Hg  vacuum  during  both 
cast  and  cure,  and  a  cure  temperature  of  150°F,  Propellant  was  also 
mixed  in  the  normal  manner,  then  it  was  subjected  to  3000  psig  nitro¬ 
gen  for  16, hr  prior  to  cure.  The  effect  of  this  treatment  was  to  in¬ 
crease  the  pore  content  of  the  cured  propellant  to  11,  7-  13.  6  compared 
with  the  7.  0-9.3%  found  in  the  control, 

6.1.6  Comparison  of  Submix  Density  to  Solid  Density 

If  the  measurement  of  the  submix  density  before  mixing  could  be  cor¬ 
related  with  the  wubwequtnil  pr  opellant  solid  densities,  a  qualification 
criterion  could  be  established  prior  to  mixing.  Submix  densities  Were 
determined  On  five  batches  prior  to  mixing.  Subsequent  measurement 
of  the  solid  densities  of  the  propellants  did  not  correlate  with  the  sUb- 
mix  densities  found  prior  to  mixing.  These  data  are  shown  in  Tabic  17. 
This  table  also  indicates  that  no  significant  increase  in  percent  pore 
volume  is  achieved  by  the  elimination  of  the  aluminum  addition  step. 

5.2  ANALYSIS 

Various  techniques  to  provide  an  accurate  estimate  of  the  total  surface 
area  of  cracked  propellant  are  being  evaluated,  as  the  initial  effort 
toward  developing  methods  for  total  characterization  of  such  samples. 

A  method  has  been  perfected  for  microscopically  determining  the 
percent  pore  volume  and  pore-diameter  distribution  in  porous  propel¬ 
lant.  Data  for  this  new  analytical  method  will  be  reported  in  the  sub¬ 
sequent  reports.  Progress  in  the  surface-area  studies  is  discussed  in 
the  following  subparagraphs. 

5.  2.  1  Moisture-Adsorption  Technique 

Measurements  were  made  of  the  water  vapor  equilibrium  curves  of 
propellant  samples  prepared  with  different  total  surface  areas.  Three 
samples  were  prepared  from  cubes  of  propellant.  Sample  A  was  com¬ 
posed  of  cubes  2.24  mm/side,  having  a  specific  area  of  16.7  x  10"4m^/g. 
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Table  16.  Effect  of  Dissolved  Nitrogen  on  Pore  Content. 


Exposure  Time  at 
3000  psig  Nitrogen 
(hr) 

Cure 

T  emp 
(°F) 

Casting 
Vacuum 
(in.  Hg) 

Cure 
Vacuum 
(in.  Hg) 

Pore 

Volume 

(%) 

0  (control) 

110 

None 

None 

13.  4 

■  ‘t»  '  3 

110 

None 

None 

13  3 

110 

10 

10 

.114 

150 

None 

None 

13.  1 

'  ■  .150  : 

10 

-  10 

8.2 

'"12." 

110 

None 

None 

14.0 

;*  '  '  .  .  •••”  ■ 

110 

10 

10 

8.8 

'  '  ' 

150 

None 

None 

13.0 

150 

10 

10 

7.7 

1.5  '  " 

110 

None 

None 

12.5 

110 

15 

15 

7.0 

150 

None 

Non* 

12.7 

150 

15 

•  ■  '1 

15 

15.  3 

24 

110 

None 

None 

12.1 

no 

15. 

15 

9.5 

1  50 

Non,"  r 

..None  " 

11.5 

■s\  '  ,  ■ 

.  1 50 

15 

..  "  i 

;15 

15.  1 
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Sample  B,  4,  25  mm/side,  had  a  specific  area  of  8.  1  x  I0"4  rn^/g. 

Sample  C,  was  composed  of  cubes  7.  63  mm/side  and  had  a  apecific 
area  of  6.  5  x  10 "4  m^/g. 

The  samples  were  weighed  in  covered  weighing  bottles,  using  an 
analytical  balance,  Weight-vs  time  curves  were  obtained  by  exposing 
the  samples  in  the  weighing  bottles  to  controlled  atmospheres  of  60% 
relative  humidity  and  0%  relative  humidity.  The  moisture  adsorption 
was  both  rapid  and  reversible.  The  moisture-time  curves  art  shown 
in  Figure  14.  The  three  samples  can  be  readily  distinguished  by  the 
initial  rate  of  change  or  by  the  rate  of  approach  to  equilibrium. 

5.2.2  Gas  Chromatography 

An  attempt  hr s  been  made  to  use  propellant  samples  as  a  chromato¬ 
graphic  column.  The  cut  samples  are  packed  in  glass  tubes  3 -in. 
long  x  1/2-in.  dD  and  placed  in  a  dry  air  stream.  Controlled  amounts 
of  water  vapor  are  injected  upstream  of  the  propellant.  A  moisture 
detector,  placed  at  the  exit  end  of  the  sample  tube,  supplies  an  electri¬ 
cal  output  related  to  the  water -vapor  content  of  the  air  stream.  Lack 
of  reproducibility  was  experienced,  and  the  problem  has  been  traced 
to  small  leaks  in  the  system  where  Tygon  tubing  and  rubber  stoppers 
were  employed*  A  more  permanent  apparatus  is  now  under  construction. 

5.2.3  Gas  Adsorption 

The  surface-area  measurements  of  propellant  by  gas  adsorption  re¬ 
quires  an  apparatus  that  consists  of  a  gas  burette,  sample  container, 
liquid  container  for  vapor  delivery,  and  «i  manifold  with  vacuum  stopcocks 
to  isolate  the  components  of  the  system.  Gases  are  discharged  by 
displacement  from  the  ^as  burette*  using  a  mercury  column  connected 
by  rubber  tubing  to  a  mercury  reservoir.  The  sample  is  exposed  to 
gas  at  pressure  P,  which  is  maintained  by  delivering  gas  from  the 
burette  as  adsorption  occurs  in  the  test  cell.  The  amount  of  gas 
adsorbed  at  the, sample  surface  is  determined  by  the  total  delivered 
volume  of  gas  minus  that  quantity  that  is  adsorbed  on  the  walls  of  the 
cell  and  that  which  occupies  the  free  space  within  the  cell.  The 
correction  factors  are  determined  independently  by  making  blank  runs, 
using  nitrogen  with  and  without  the  sample,  and  using  water  withoi 
the  sample. 


TIME  (min) 

Figure  14.  Effect  of  Surface  Area  in  Water  Vapor  Equilibrium  Curves. 
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The  results  from  the  first  two  samples  that  have  been  tested  are 
iliuwu  in  Figure  10.  The  data  scatter  is  mainly  due  to  inability  to 
make  the  low-pressure  measurements  to  the  required  degree  of  pre¬ 
cision.  It  appears  that  Mila  method  can  detect  differences  in  surface 
area.  Difficulties  with  diffusion  into  the  propellant,  which  had  been 
expected,  have  not  materialized  at  the  low  relative  humidities  involved. 


Figure  15.  Water  Vapor  Adsorption  By  Cut  Propellant  Surfaces 
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